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Mouse pancreatic development is critically dependent on epithelial–mesenchymal interactions. The pancreas differs from other
epithelial–mesenchymal organs in that the epithelium gives rise to both epithelial exocrine cells and non-epithelial endocrine cells. We
studied the nature of the interactions between the epithelium and mesenchyme with respect to the decision between exocrine and endocrine
lineages. We show here a tripartite influence of mesenchyme on the developing epithelium. First, close proximity or contact of mesenchyme
with the epithelium induces exocrine differentiation. Second, this mesenchymal proximity to the epithelium suppresses endocrine
differentiation. Third, mesenchyme has an overall enhancing effect on the degree of insulin differentiation, suggesting a pro-endocrine effect
in those epithelial cells at a distance from the mesenchyme.
Proximity or contact between the mesenchyme and epithelium appeared to be necessary for the pro-exocrine effects of mesenchyme. We
found that, in a co-culture system, NIH3T3 cells were able to substitute for mesenchyme in exocrine induction as well as in both the
endocrine induction and endocrine inhibition, implying that the responsible molecules are not unique to pancreatic mesenchyme. Laminin
appears to be a key molecule mediating the epithelial–mesenchymal interactions that lead to exocrine differentiation, since inhibition of
laminin expression resulted in blockage of the pro-exocrine induction of mesenchyme.
D 2004 Elsevier Inc. All rights reserved.Keywords: Epithelial–mesenchymal interactions; Pancreas; Epithelium culture; Endocrine and exocrine differentiation; Laminin; Morpholino antisense oligos;
InsulinIntroduction
The embryonic mouse dorsal pancreatic epithelium orig-
inates as an evagination of the duodenum at the 25-somite
stage under the influence of surrounding mesenchyme (Pictet
and Rutter, 1972; Slack, 1995). Under the ongoing direction
of mesenchyme, the initial evaginated bud then undergoes
rapid branching morphogenesis with demargination of epi-
thelial cells. These demarginated cells will give rise to
endocrine cells, eventually forming the islets of Langerhans,
and the retained epithelium will give rise to the ductal and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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1 These authors contributed equally to this work.acinar cells of the exocrine pancreas (Bonner-Weir et al.,
1993; Edlund, 1999). The surrounding mesenchyme seems
to be important in guiding these exocrine and endocrine
differentiation events (Gittes et al., 1996; Levine et al., 1973;
Miralles et al., 1999b; Ronzio and Rutter, 1973; Rutter,
1980; Rutter et al., 1978). While many other organs are also
dependent on normal epithelial–mesenchymal interactions
for their proper development, the interactions in the pancreas
may be more complex in that both exocrine (epithelial) and
endocrine (non-epithelial) cells arise from the early epithe-
lium (Ahlgren et al., 1996; Apelqvist et al., 1999; Aufder-
heide et al., 1987; Ferretti et al., 1996; Kono et al., 1991).
Early studies showed that pancreatic mesenchyme seems
to be permissive for pancreatic development (Pictet and
Rutter, 1972). Pancreatic epithelium in the presence of its
mesenchyme in vitro can grow and differentiate fully into
endocrine and exocrine components. Isolated pancreatic
epithelium in vitro, grown completely without mesenchyme,
does not grow well and differentiates poorly into endocrine
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lack of acinar differentiation in the absence of mesenchyme
therefore indicates a specific role for mesenchyme in acinar
differentiation (Miralles et al., 1998). Furthermore, by
recombining epithelia with older or younger gestational
pancreatic mesenchyme, the differentiation pattern of the
epithelium was found to be either less or more mature,
indicating an instructive role for mesenchyme (Rose et al.,
1999).
Based on these earlier findings, we investigated the
possible spatial effects of mesenchyme on either exocrine
or endocrine cells in an in vitro system. Here, we show,
using three different culture systems, that mesenchyme in
proximity to epithelial cells not only induces amylase-
positive acinar differentiation, but also suppresses insulin-
positive endocrine differentiation. At a distance from the
mesenchyme, however, insulin-positive differentiation was
enhanced. Thus, we find three separate roles for mesen-
chyme: proximate acinar induction, proximate endocrine
suppression, and distant endocrine induction. Furthermore,
an embryonic fibroblast cell line (NIH3T3) could replace all
three of these inductive/suppressive effects of pancreatic
mesenchyme on epithelial differentiation. Inhibition of mes-
enchymal laminin expression in the epithelium-3T3 cell
culture blocked exocrine differentiation, but permitted en-
docrine differentiation.Materials and methods
Pancreas dissection
Overnight matings were performed between male and
female CD1 mice. A vaginal plug was indicative of preg-
nancy and noon of that day was treated as 0.5 days of
gestation. Embryonic pancreas and isolated epithelium were
harvested on day 11.5 of gestation and dissected as de-
scribed previously (Gittes et al., 1996). Epithelium was
isolated from whole pancreas by mechanically removing
the mesenchyme under a dissecting microscope so that
individual residual mesenchymal cells could be visualized
and removed with precision.
Collagen gel culture conditions
Epithelia, with or without mesenchyme, were transferred
into a collagen I gel (Vitrogen, Cohesion Technologies Inc.,
Palo Alto, CA) using sterile ‘slick’ pipette tips (Fisher
Scientific, Pittsburgh, PA). All further manipulation of
tissues in vitro, such as positioning epithelium and mesen-
chyme was done under direct microscopic examination.
Tissues were grown in 175 Al of collagen I gel solidified
on 0.4 Am filter inserts (Millipore, Bedford, MA). The
inserts were placed in standard 24-well plates with 450 Al of
l of RPMI medium with 10% fetal calf serum and incubated
in cell culture chamber for 7 days.Epithelium-NIH3T3 co-culture
For epithelium co-culture with an NIH3T3 cell suspen-
sion in collagen I gel, sub-confluent (80–90%) NIH3T3
cells were grown in a P100 culture flask (Corning Incorpo-
rated, Corning, NY). Cells were dislodged by treating with
0.1% trypsin for 3–5 min at 37jC, and then three volumes
of serum media were added to block trypsin activity. Cells
were then pelleted by centrifugation at 1000 rpm for 5 min.
After the epithelium was appropriately positioned in a
collagen I gel, 50 Al of the NIH3T3 cell suspension was
placed adjacent to the epithelium on top of a Millipore
insert. The culture was maintained in DMEM/F-12K and
10% FBS at 37jC for 6 days before being harvested for
immunohistochemical analysis.
Transfilter experiment
For the transfilter experiments, isolated pancreatic epi-
thelium was placed into a collagen gel filter insert, and then
the insert was placed into a 24-well plate with 300 Al of
DMEM medium with 10% fetal calf serum, as described
above. The surrounding well contained 12 isolated mesen-
chymes, which leads to a confluent layer on the plastic, and
thus maximal concentrations of soluble factors from the
mesenchyme. This transfilter systems yields a distance of
approximately 500–800 A between the epithelium and the
mesenchyme.
Single cell culture
Single cells derived from epithelium, mesenchyme, or
whole pancreas (epithelium and mesenchyme intact) were
prepared by treating tissues with 0.05% trypsin and 0.01%
EDTA at 37jC for 3 min for epithelium or mesenchyme,
and 5 min for whole pancreas. To stop the reaction, five
volumes of serum media were added. Cell dispersion was
completed by pipetting up and down until individual cells
were dissociated, and no clumps could be detected. Cells
were then counted with a hemacytometer. Typically, in a
single well of a 96-well plate, we used single cells derived
from one whole pancreas and two mesenchymes,
corresponding to an approximate overall ratio of epitheli-
um/mesenchyme of 1:10. When mesenchymal cells were
replaced with fibroblastic NIH3T3 cells, the same approx-
imate ratio of 1:10 epithelial to NIH3T3 cells was main-
tained. This ratio was used to give a high likelihood of
contact between epithelial cells and mesenchymal cells.
Cells were cultured in DMEM/F-12K medium with 20%
FBS.
Reverse transcriptase (RT) PCR analyses
Total RNA was extracted from cultured cells and tissues
using the RNeasy kit (Qiagen, Valencia, CA). First-strand
cDNAwas prepared from RNA using 1 AM oligo dT primer,
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Al Sensiscript reverse transcriptase (Qiagen) in a 20-
Al reaction. The PCR primers were designed in such a
way that a longer PCR product could be polymerized from
genomic DNA versus expressed RNA. The primers for
insulin are: sense 5V-CAG CCC TTA GTG ACC AGC
TA-3V, antisense 5V-ATG CTG GTG CAG CAC TGA TC-
3V that give rise to a 350-bp PCR fragment derived from
expressed RNA and a 467-bp PCR fragment derived from
genomic DNA. The primers for amylase are: Sense 5V-GGA
CCA CCC AAT AAC AAT GG-3V, antisense 5V-TGA ATC
CTC TGT TTC CTC TGC-3V that give rise to a 205-bp PCR
fragment derived from expressed amylase RNAwhereas the
305-bp PCR fragment is derived from genomic DNA.
Primers for Pdx-1: forward, 5V-TGAAATCCACCAAAG-
CTCACGCGT-3, reverse, 5V-AGAATTCCTTCTCCAGC-
TCCAGCA-3V; Primers for HNF-3h: forward, 5V-
GGGCTCCATGAACATGTCATCCTA-3 V, reverse,
5V-TCATCGAGTTCATGTTGGCGTAGG-3V: Primers for
Neurogenin-3 (NGN3): forward, 5V-CACGAAGTGCT-
CAGTTCCAATTCC - 3 V, r e v e r s e , 5 V- GAGTT-
GAGGTTGTGCATGCGATTG-3V; Primers for Pax-6:;
Primers for Hes-1: forward, 5V-GCCTCTGAGCACA-
GAAAGTCATCA-3V, reverse, 5V-TTGGAATGCCGG-
GAGCTATCTTTC-3V. For internal control, RT-PCR for h-
actin was performed. Thirty cycles of PCR were performed
for each.
Immunohistochemistry
Cultured tissues were fixed at 4jC in 4% formalin in
PBS for 2 h, followed by 70% ethanol for 15 min, then
cryoprotected overnight in 30% sucrose. Tissues were
embedded in Tissue Freezing Medium (Triangle Biomed-
ical Science, Durham, NC) and frozen in liquid nitrogen.
Consecutive sections of 8 Am were cut. Sections were
permeabilized with 0.5% Tween-20 in PBS for 10 min and
washed with PBS for 5 min followed by blocking with 4%
normal donkey serum at 4jC for an hour. Sections were
washed again with 0.5% Tween-20 in PBS for 10 min and
PBS for 5 min and incubated overnight at 4jC with
primary antibodies. In the case of staining with Dolichos
biflorus agglutinin (DBA), sections were incubated with
fluorescein-conjugated DBA (50 Ag/ml, Vector Laborato-
ries, Burlingame, CA) for 60 min at 37jC. For other than
DBA, the sections were then washed with 0.5% Tween-20
in PBS for 10 min and PBS for 5 min followed by
incubation with the appropriate fluorescent secondary anti-
bodies for 1 h at room temperature. Finally, the sections
were washed extensively (three times for 10 min each)
with PBS and mounted. The sections were examined and
photographed. Single-labeled sections incubated with mis-
matched secondary antibodies were examined to confirm
the specificity of the staining.
The antisera used in this study were at the following
dilutions: polyclonal amylase antibody (rabbit, 1:500, Sig-ma, St. Louis, MO), monoclonal glucagon antibody (mouse,
1:500, Sigma), polyclonal insulin antibody (sheep, 1:500,
Binding Site, UK), polyclonal vimentin antibody (goat,
1:200, Santa Cruz, Santa Cruz, CA) and polyclonal E-
cadherin antibody (rabbit, 1:50, Santa Cruz). All antibodies
were confirmed to react with mouse. The fluorescent sec-
ondary antibodies were all from Jackson ImmunoResearch
Laboratories, Inc. (1:200, West Grove, PA): fluorescein anti-
mouse antibody, fluorescein anti-rabbit antibody, Texas red
anti-sheep antibody, and Texas red anti-goat antibody.
Quantitative analysis
To determine the number of insulin or amylase-positive
cells per pancreatic epithelium, serial 8-Am sections were
cut and collected on Fisherbrand Superfrost/Plus (Fisher
Scientific) glass slides. Every other section was analyzed by
immunohistochemistry and quantified for total amylase or
insulin-positive area using Image-Pro Plus (Media Cyber-
netics, Silver Spring, MD).
Morpholino antisense inhibition
Pancreatic epithelium and NIH3T3 cell co-cultures were
set up as mentioned above. Forty-micromolar morpholinos
(Gene Tools, LLC) of Laminin-1 antisense: 5V-CGCATG-
TTGTCGCCGCCGCTCCCTG-3V; sense: 5V-CAGG-
GAGCGGCGGCGACAACATGCG-3V; or scramble: 5V-
CCTCTTACCTCAGTTACAATTTATA-3V were included
in the 10% serum medium. Culture medium was changed
every other day and after culturing for 9 days, tissues were
fixed in 4% paraformaldehyde, frozen sectioned and sub-
jected to immunohistochemistry.Results
Epithelial differentiation in culture
The early embryonic pancreas (day 11) consists of an
inner epithelium and an outer mesenchyme (Fig. 1A). In the
presence of mesenchyme, the epithelium can grow well in a
collagen I gel (Figs. 1B–D). After several days of in vitro
growth, endocrine cells are typically localized to the central
region of the pancreas, away from the outer mesenchymal
mantle (Fig. 1C). However, amylase-positive cells are
typically localized to the outer portion of the epithelium,
where epithelial–mesenchymal interactions may be more
likely to occur (Fig. 1D). Unlike whole pancreas or isolated
pancreatic epithelium recombined with its mesenchyme,
when epithelium alone (Fig. 1E) is cultured for 7 days, it
does not grow well (Fig. 1F). Under this growth condition,
epithelium can only differentiate into endocrine cells as
evidenced by a few insulin-positive cells (Fig. 1G). We
previously found no evidence of insulin differentiation in
these conditions (Gittes et al., 1996), but improved anti-
Fig. 1. Mesenchyme enhances exocrine and endocrine differentiation with a
consistent spatial arrangement. Isolated E11 pancreas containing both
epithelium and mesenchyme (A, EP: epithelium, M: mesenchyme) can
grow well for 7 days (B) and differentiate into both centrally located
insulin-positive cells (C) and peripheral amylase-positive cells (D).
However, epithelium devoid of mesenchyme (E) does not grow well (F)
and differentiates with only a few insulin-positive cells (G) and no amylase-
positive cells (H). Furthermore, isolated epithelium and mesenchyme from
E11 pancreas were recombined and cultured for 5 days, and then analyzed
by immunohistochemistry for both amylase (red) and vimentin (green) (I)
or insulin (red) and vimentin (green) (J). Here, the amylase-positive acini
are generally surrounded by vimentin-positive mesenchyme (I), but the
central insulin-positive cells have less vimentin-positive mesenchymal cells
in proximity (J). These experiments have been repeated more than five
times each. Scale bar indicates 100 Am.
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level insulin expression here. In the absence of mesen-
chyme, these explants completely fail to differentiate into
amylase-positive exocrine cells (Fig. 1H). Thus, we wished
to investigate the nature of mesenchymal influences on
endocrine and exocrine lineage selection in the developing
pancreas.
Spatial pattern of endocrine, exocrine, and mesenchymal
cells
To begin to understand mechanisms of mesenchymal
determination of exocrine and endocrine lineage selectionin the developing pancreas, we studied closely the spatial
distribution of differentiating cells within the pancreas.
Vimentin was used as a mesenchymal marker to deter-
mine the location of mesenchyme with respect to either
insulin or amylase-positive cells. In vivo, the developing
pancreatic epithelium and mesenchyme intermingle exten-
sively after days 11 to 12 of gestation, but in vitro the
mesenchymal intermingling is limited mainly to the outer
portion of the epithelium, which then branches and forms
exocrine cells. Here, vimentin-positive mesenchymal cells
appear to be surrounding the amylase-positive acini in
the periphery (Fig. 1I), but appear more sparse in the
region of the central insulin-positive cells (Fig. 1J). These
results suggest that in the developing pancreas, the
mesenchymal effect on nearby cells is to induce exocrine
differentiation. In addition, since it appeared that amy-
lase-positive epithelial cells were always in proximity to
vimentin-positive mesenchymal cells, mesenchymal con-
tact or proximity may be necessary for exocrine differ-
entiation, as suggested by earlier studies (Gittes et al.,
1996; Rose et al., 1999). Also, a lack of contact with
mesenchyme appeared to be permissive for endocrine
differentiation.
Transfilter effect of mesenchyme on developing epithelium
To further characterize the effect of pancreatic mesen-
chyme on epithelial growth and development, a transfilter
culture system was established wherein epithelium devoid
of mesenchyme was grown in a collagen I gel filter system,
and mesenchymes were grown in proximity on the opposite
side of the filter. Here, the epithelium did not grow well
through the 7 days in culture. To determine if the lack of
mesenchymal effect was due to a low relative concentration
of mesenchymal factor(s), rather than absence of proximity
or contact, we increased the number of mesenchymal
explants up to 12-fold, but still found no effect of mesen-
chyme on epithelial growth and exocrine differentiation. In
this culture system however, insulin-positive cells could be
detected (Fig. 2A), but no amylase-positive cells could be
detected (Fig. 2B) by immunohistochemistry. Thus, acinar
differentiation under these transfilter culture conditions was
essentially the same as epithelial cultures completely devoid
of mesenchymal influences (Fig. 1H). Endocrine differenti-
ation, however, showed a significant transfilter mesenchy-
mal enhancement of insulin-positive differentiation
compared to epithelium alone (see Figs. 2A and 1G and
quantitative analysis in Figs. 2C and 2D), indicating that a
diffusible mesenchymal factor might be enhancing endo-
crine differentiation from a distance (i.e., not near or in
contact).
Contact-induced endocrine inhibition by mesenchyme
To determine the proximity/contact-specific effect of
mesenchyme on epithelial cells, we developed a dispersed
Fig. 2. Transfilter experiment to determine the role of diffusible
mesenchymal factors in controlling pancreatic epithelial differentiation.
Isolated pancreatic epithelium devoid of mesenchyme was grown in a
collagen I gel with mesenchyme grown on the opposite side of the filter. To
analyze the endocrine and exocrine differentiation induced by mesen-
chyme-derived diffusible factor(s), immunohistochemistry was performed
for insulin (A, red) and amylase (B, green). The acinar differentiation is
minimal, similar to that seen for isolated epithelium, but insulin
differentiation appears to be enhanced over control (compared with Fig.
1G). (C) and (D) are a quantitative analysis of the total insulin-positive area
and of the total percentage insulin-positive area in (A) compared to (1G),
respectively: Epi, epithelium alone; Epi-Mes, epithelium cultured with
mesenchyme presented across the filter. Mesenchyme was added up to 12-
fold with no additional effect. In (C), the Y-axis numbers indicate fold
change as compared to a basic unit number of pixels. This set of
experiments has been performed four times. Scale bar in (A) and (B)
indicates 100 Am.
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increase the likelihood that each epithelial cell would be
in proximity to a mesenchymal cell, we determined the
number of epithelial and mesenchymal cells in an E11
pancreas. By dissociating isolated epithelium or mesen-
chyme with trypsin and EDTA, we counted approximately
10,000 epithelial cells and 35,000 mesenchymal cells in a
typical E11 pancreas. In our dispersed single cell culture
system, we then added mesenchymal cells to yield a ratio of
mesenchymal to epithelial cells of 10:1. After 6 days of
culture, immunostaining and RT-PCR analysis were per-
formed to determine the expression of pancreas-specific
genes (Fig. 3). Epithelial cells grown with little or no
mesenchyme expressed the insulin gene (Figs. 3E and 4A
lane ‘‘epi’’). Significantly, dispersed epithelial cells co-
cultured with mesenchymal cells (at a 10:1 ratio of mesen-
chymal cells to epithelial cells) did not express detectable
insulin or insulin mRNA, even by RT-PCR (Figs. 3H and
4A, lane ‘‘wpsc’’, whole pancreas single cell). No amylase
gene expression could be detected in epithelium alone
cultures (Figs. 3F and 4A, lane ‘‘epi’’), but amylase expres-
sion was present when the epithelium was co-cultured with
dispersed mesenchymal cells (again at a 10:1 ratio) (Figs. 3Iand 4A, lanes ‘‘wpsc’’). These results suggest that pancre-
atic epithelial proximity or contact with mesenchyme ac-
tively inhibits insulin gene expression and induces amylase
expression, supporting the interpretations above regarding
the spatial distribution of exocrine and endocrine cells amid
the mesenchyme in vivo. At this stage, we then performed
an RT-PCR screen of pancreatic transcription factors (Fig.
4B). HNF-3h was positive under all conditions tested. A
faint pdx-1 mRNA band was detectable when epithelium
was grown with little or no mesenchymal cells, but not
when significant mesenchymal cells were present, possibly
corresponding to the presence and absence of h-cells,
respectively. However, neurogenin-3 mRNA was undetect-
able when epithelium was grown with little or no mesen-
chymal cells, but was present when epithelium was grown
with 10:1 pancreatic mesenchymal cells. Neurogenin3
mRNA was absent when the epithelium was grown with
3T3 cells (see below). Hes-1, a transcription factor
expressed during early exocrine differentiation, was signif-
icantly expressed, even in the absence of mesenchyme, but
here the amylase expression was largely negative (Fig. 3F).
Although we could not rule out the possibility that the
absence of insulin transcription in the presence of dispersed
mesenchymal cells was due to the inability of endocrine
precursors to survive or proliferate under those conditions,
we believe that the absence of insulin resulted from mes-
enchymal contact inhibition, since insulin transcript was
easily detected in dispersed epithelium alone (Fig. 4A, lane
1) under the same culture condition, and neurogenin-3
transcript was detected in the presence of mesenchyme.
These results imply that the contact/proximity induced
endocrine suppression by mesenchyme overrides the endo-
crine-enhancing effect of mesenchyme at a distance, since
no insulin-positive differentiation was seen in the presence
of proximate mesenchymal cells, whereas insulin was en-
hanced when mesenchyme was presented across a filter
(Fig. 2).
Replacement of mesenchymal effect by NIH3T3 cells
Dispersed cell cultures
The mesenchymal proximity/contact-induced amylase
expression and insulin inhibition raised the question of
whether these effects were specific to pancreatic mesen-
chyme or instead could be replaced by other cell types.
We substituted mesenchymal cells with NIH3T3 cells in
the dispersed cell co-culture system. NIH3T3 cells co-
cultured with dispersed embryonic pancreatic epithelial
cells at a 10:1 ratio completely suppressed insulin gene
expression (Fig. 4A, lane epi + 3T3). In addition, amylase
expression was induced by the NIH3T3 cells (Fig. 4A,
lane epi + 3T3). Therefore, our results provide evidence
that NIH3T3 cells can at least partially replace the ability
of mesenchyme to induce amylase-positive differentiation
and suppress insulin-positive differentiation in nearby
cells.
Fig. 3. The effects of mesenchymal cell proximity in pancreatic dispersed cell culture. A–C are phase images of the dispersed E11 pancreatic epithelial cells
cultured in the presence of (A) little or no mesenchyme (<5% of normal); (B) one whole pancreas mesenchyme (100% mesenchyme); (C) 3-fold pancreas
mesenchyme (300% or 10:1 ratio of mesenchymal cells to epithelial cells). D–F represent epithelium, with little or no mesenchyme stained for E-cadherin (D)
insulin (E), and amylase (F). Note that several cells in (E) are positive for insulin (arrows), whereas no cells are positive for amylase in (F). In the presence of
10:1 mesenchyme (G–I), there are E-cadherin-negative cells (G, arrows), no obvious insulin-positive cells (H), and there are amylase-positive cells (I). D/E, G/
H are each double staining of the same field of cells.
Fig. 4. Contact or proximity-induced amylase induction and insulin
inhibition by mesenchyme or a derivative cell line, NIH3T3 cells. Simple
(non-quantitative) RT-PCR analysis was performed on dispersed, co-
cultured embryonic pancreatic epithelial and/or mesenchymal/3T3 cells for
6 days. Dispersed epithelium without mesenchyme did express insulin
mRNA, but not amylase (A, lane ‘‘epi’’). When dispersed epithelium and
mesenchyme were co-cultured at a ratio of 1:10, insulin expression was
inhibited (A, lane ‘‘wpsc’’, or Whole Pancreas Single Cell Culture) but
amylase expression was present. A mesenchymal cell line, NIH3T3, when
co-cultured with epithelial single cells (instead of dispersed pancreatic
mesenchyme) also at 1:10 ratio, also inhibited insulin expression (A, lane
‘‘epi + 3T3’’) and induced amylase expression (A, lane ‘‘epi + 3T3’’). PCR
primers were designed in such a way that the PCR-product spans an intron
to detect genomic DNA contaminations. (B) RT-PCR analysis of pancreatic
transcription factors during dispersed epithelial cell cultures in the presence
of (I) minimal mesenchymal (<5%) or (II) 10:1 mesenchyme, or (III) 10:1
3T3 cells. This experiment has been performed three times.
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To determine whether NIH3T3 cells could replace the
mesenchymal effect in a three-dimensional organ, we cul-
tured isolated embryonic pancreatic epithelium suspended in
a collagen gel, and then aggregated the epithelium with
NIH3T3 cells to create an epithelial–mesenchymal orga-
noid. NIH3T3 cells markedly improved the overall growth
of the epithelium, as compared to epithelium grown alone
(Figs. 5A and B). Immunohistochemistry showed amylase-
positive cells only on the periphery of the epithelium where
interaction occurs with the surrounding 3T3 cells (Fig. 5C),
and no amylase-positive cells when the epithelium was
grown alone (Fig. 5D). In addition, the amount of insulin-
positive cells was also enhanced by NIH3T3 cells (Fig. 5E
vs. Fig. 5F). To confirm that this cell line/organoid mim-
icked the architecture of the intact pancreas, we immunos-
tained cultured epithelium alone or in the presence of
NIH3T3 with the mesenchymal marker vimentin. As pre-
dicted, no vimentin staining could be detected in epithelium
alone cultures (Fig. 5G). However, when epithelium was
grown in the presence of NIH3T3 cells, a rim of vimentin-
positive NIH3T3 cells, present on the periphery of the
epithelium, could easily be detected (Fig. 5H), reminiscent
of the orientation of the normal in vitro-grown embryonic
pancreas (Fig. 2).
Fig. 5. Replacement of mesenchymal effect by NIH3T3 cells. To further investigate whether an embryonic fibroblastic cell line NIH3T3 could functionally
replace pancreatic mesenchymal cells, pancreatic epithelium suspended in a collagen I gel was co-cultured with NIH3T3 cells in an organoid system. The
organoids grew well as compared to epithelium grown without NIH3T3 cells (A and B, pictured in culture on a filter). Immunohistochemistry revealed that
amylase-positive cells were concentrated at the periphery of the epithelium, closer to the NIH3T3 cells (C) whereas amylase cells were absent in the absence of
NIH3T3 cells (D). In addition, an increase in insulin-positive cells was seen in the presence of NIH3T3 cells as compared to controls (F), though at a distance
from the NIH3T3 cells. Immunohistochemistry showed that isolated epithelium was indeed free of mesenchyme, as no vimentin-positive staining was detected
(G). However, when epithelium was grown with NIH3T3 cells, a rim of vimentin-positive NIH3T3 cells was detected around the epithelium (H). (Image here
was selected with abundant vimentin for clarity. In most cultures, the vimentin-positive rim was smaller.) These experiments have been repeated five times.
Scale bar indicates 100 Am.
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(Fig. 6) confirmed that three-dimensional gel cultures of
epithelium in the absence of mesenchyme or NIH3T3 cells
did not undergo amylase-positive exocrine differentiation
(Fig. 6B). In the presence of NIH3T3 cells, amylase-positive
differentiation was induced, though only to less than half the
level reached in the presence of pancreatic mesenchyme.
Interestingly, quantitative analysis of the total insulin-posi-
tive area indicates that NIH3T3 cells induced a significantly
higher insulin-positive area when compared to epithelium
alone, or even when compared to epithelium grown in the
presence of pancreatic mesenchyme (Fig. 6C).
Induction of ductal structures by mesenchymal derivatives
The pancreatic exocrine system consists of both acinar
and ductal cells. To further study the role of NIH3T3 cells
in exocrine differentiation, we wished to determine the
ability of 3T3 cells to induce or permit duct formation. We
utilized a fluorescein-Dolichos biflorus agglutinin (DBA)
to detect ductal cells in embryonic pancreas. This lectin
was previously used to detect endoderm-originated cells in
other organs, and recently, we found that it is useful to
detect early ductal cells in the embryonic pancreas
(Kobayashi et al., 2002a,b; Qiao et al., 1999; Sakurai etal., 1997). Other ductal markers currently available are for
mature/adult type ducts, and are not reliable in the devel-
oping embryonic pancreas. Epithelium alone, in the ab-
sence of mesenchyme, failed to develop ductal cells or
structures (Figs. 7A and D). However, duct-like structures
were seen in the presence of NIH3T3 cells (Figs. 7B and
E) or mesenchyme (Figs. 7C and F). Taken together, our
results indicate that NIH3T3 cells may be able to replace
the function of pancreatic mesenchyme for all exocrine
(ducts + acini) differentiation.
Laminin mediates the pro-exocrine induction of
mesenchymal cells
Located between the epithelium and the mesenchyme,
basement membrane plays an important role in the devel-
opment of many organs through the mediation of epithe-
lial–mesenchymal interactions (Edlund, 2001; Gittes et al.,
1996; Kono et al., 1991; Maldonado et al., 2000a; Pictet
and Rutter, 1972; Riso, 1983; Rutter et al., 1978). Previ-
ously, we showed that laminin-1, largely found in the
basement membrane, is differentially expressed during
pancreas organogenesis and takes part in the regulation
of epithelial differentiation (Crisera et al., 2000). There-
fore, we sought to study the function of laminin-1 in the
Fig. 6. Quantitative analysis of enhancement of insulin and amylase induction by NIH3T3 or pancreatic mesenchyme in collagen I gel culture. (A) Total
pancreatic areas computed by Imagepro Plus (not including 3T3 cells). (B) Isolated epithelium grown alone did not show amylase-positive differentiation.
However, amylase-positive induction was easily detected when epithelium was grown in the presence of NIH3T3 cells. This amount of differentiation was still
less than half of the amount of differentiation seen when the epithelium was grown with pancreatic mesenchyme, though in relation to total area, the
percentages positive are similar (D). (C) Insulin-positive differentiation of the pancreatic epithelium grown alone was present, though at a relatively low level.
The level increased significantly in the presence of pancreatic mesenchyme, but even more so in the presence of NIH3T3 cells. (D) Percentage of total
pancreatic area for insulin-positive (red) or amylase-positive (green) areas. In (A–C), the Y-axis indicates units of pixel-positive area. In (D), the Y-axis
indicates percentage of total area positive for insulin or amylase as measured by Imagepro Plus program (Media Cybernetics) n = 6 for each group (6
pancreases, each serially sectioned), standard deviations are indicated by bars; epi: epithelium; epi + 3T3: epithelium with 3T3 cell aggregate; wp: whole
pancreas (epithelium with recombined pancreatic mesenchyme). P < 0.05 between all groups.
Z. Li et al. / Developmental Biology 269 (2004) 252–263 259regulation of pancreatic epithelial differentiation in our
simplified 3T3-epithelium culture system. Inhibition of
laminin expression by the addition of 40 AM laminin-1
antisense morpholinos abolished the differentiation of
epithelium into amylase-positive exocrine cells (Fig. 8),
with little effect on insulin- or glucagon-positive endocrine
differentiation, although the 3T3 cells appeared to beFig. 7. Induction of ductal structures by NIH3T3 cells. E11 pancreatic epithelium al
8 days (a longer period than the previous 6 days to allow duct formation). H&E (A
Epithelium devoid of mesenchyme failed to develop any ductal structures (A, D). H
(C, F) induced lumen-containing structures that stain well for DBA, suggesting tnormal and in contact with the epithelium (Fig. 8V). We
have previously shown through Western blotting that under
the same conditions, this dose of the identical laminin-a1
chain morpholino antisense markedly diminishes the level
of laminin-1 protein in mesenchymal/3T3 cells (Kobayashi
et al., 2002a,b). Thus, laminin-1 specifically mediates
pancreatic exocrine differentiation, while mesenchymalone (A, D), with NIH3T3 (B, E) or with mesenchyme (C, F) were grown for
–C) and staining with fluoresceinated Dolichos biflorus agglutinin (D–F).
owever, epithelium in the presence of NIH3T3 cells (B, E) or mesenchyme
he presence of ductal structures (arrows). Scale bar indicates 100 Am.
Fig. 8. Inhibition of amylase expression in laminin-1 antisense-treated pancreas. E11 pancreatic epithelium was co-cultured with 3T3 cells for 7 days, either
with (B, D, and F) or without (A, C, and E) antisense morpholinos. The tissues were then stained for amylase (A and B), insulin (C and D), or glucagon (E and
F). Laminin-1 antisense blocked appreciable expression of amylase, but had little effect on insulin or glucagon expression. Sense (S) or scramble (data not
shown) morpholinos had no effect on expression of any of the pancreatic markers, here stained for amylase. These experiments have been repeated twice, and
in each experiment, three epithelia were included under each condition, total n = 6. (V) shows vimentin staining of a 3T3 organoid after antisense treatment. (Q)
Quantitative image analysis of the effect of laminin-1 antisense treatment on amylase, glucagon, and insulin expression. (B) was overexposed to confirm the
lack of amylase-positive cells. Scale bar indicates 100 Am. Quantitative data are reported as percent of total pancreatic area. Bars indicate standard deviation.
Z. Li et al. / Developmental Biology 269 (2004) 252–263260induction of pancreatic endocrine differentiation may occur
through other signaling pathways.Discussion
Pancreatic epithelial–mesenchymal interactions are im-
portant for normal pancreatic development and differentia-
tion, and are unique in that the interaction yields both
epithelial exocrine cells and non-epithelial endocrine cells.
The nature of this unique dichotomous mesenchyme-medi-
ated lineage selection is not understood. Here, we studied the
mechanisms of such interactions in vitro. Early reports
suggested that mesenchyme may support all aspects of
pancreatic development (Levine et al., 1973; Pictet and
Rutter, 1972). Thus, factor(s) present in the mesenchymal
milieu could exert an effect either through contact-mediated
or diffusible pathways, and we hypothesized that differentpathways were responsible for the differential guidance of
pancreatic embryonic epithelial precursor cells to become
either exocrine or endocrine cells. Here, we have built on our
previous studies that epithelium devoid of mesenchyme is
unable to grow well and differentiate into acinar cells in vitro
(Gittes et al., 1996). Previously, similar results were ob-
served in vivo where isolated pancreatic epithelium, devoid
of mesenchyme and grown under the renal capsule of an
adult mouse, developed only into endocrine cells, without
apparent exocrine structures (Gittes et al., 1996). This
endocrine-only epithelial growth and differentiation in the
absence of its mesenchyme differs from the results reported
by Miralles et al. (1998), who showed that mesenchyme-
depleted epithelium does result in some exocrine differenti-
ation. In their study, however, a rim of mesenchyme is left on
the epithelium as evidenced by vimentin-positive staining
(vimentin is used as a mesenchyme-specific marker in
developing pancreas cultures). Using vimentin staining in
Z. Li et al. / Developmental Biology 269 (2004) 252–263 261our cultures, we confirmed that our epithelium does not
contain mesenchyme and, as a result, no exocrine differen-
tiation occurs. In our studies, exocrine differentiation of
epithelium could be regained by recombining the epithelium
with mesenchyme. However, no exocrine differentiation
occurred when mesenchyme was separated from the epithe-
lium by a filter, even when excess mesenchyme was used.
Therefore, our results suggest that exocrine differentiation
could occur only when mesenchyme is in contact with, or
very near to the epithelium. It is possible that, rather than
contact/proximity, a very high local concentration of mes-
enchyme-derived factors (higher than achieved with the 30:1
ratio of mesenchyme/epithelia) is necessary, but such a high
concentration may be impossible to achieve in our transfilter
culture system.
Nevertheless, the absence of acinar and ductal differen-
tiation in the absence of mesenchyme, and the presence of
acinar and ductal differentiation in the presence of mesen-
chyme, supports a direct role for mesenchyme in exocrine
differentiation. Furthermore, we studied the localization of
mesenchymal cells with respect to endocrine and exocrine
cells. By taking advantage of the slower intermingling of
recombined mesenchyme and epithelium (rather than the
rapid intermingling that occurs with whole, intact pancreas),
we showed that mesenchymal cells tend to be near to
exocrine cells, but tend to be at a distance from the
endocrine cells. Additionally, by bringing mesenchymal
cells into close proximity to all epithelial cells (and thus
in a sense maximizing intermingling) through the dispersed
single cell culture system, we determined that there was
induction of exocrine differentiation and suppression of
endocrine differentiation.
Interestingly, an embryonic fibroblast cell line, NIH3T3,
could substitute for pancreatic mesenchyme. The exocrine-
inductive and endocrine-inhibiting effect of mesenchyme on
epithelial cells was initially observed by immunocytochem-
istry in our dispersed cell culture system, but to confirm that
mesenchyme prevented endocrine differentiation, we used
RT-PCR to show the complete absence of insulin mRNA.
Such exclusive non-insulin differentiation of the epithelium
has not been previously described in a normal pancreas (not
genetically altered), and is consistent with a model in which
mesenchymal intermingling and contact with epithelium
dictates exocrine instead of endocrine differentiation.
We also showed that in a collagen gel suspension
organoid culture, vimentin-positive NIH3T3 cells could be
detected in the periphery of the epithelium, similar to the
outer mantle of mesenchyme seen in the in vitro embryonic
pancreas (recombined epithelium and mesenchyme). Quan-
titative induction of amylase-positive differentiation by
NIH3T3 cells was significantly less than when the epithe-
lium was grown with native mesenchyme, suggesting either
that levels of key pro-exocrine factors are lower in the
NIH3T3 cells, or that other pro-exocrine co-factors are
present in the mesenchyme. Alternatively, the physical
approximation or adhesion of a cell line to the epitheliummay be less effective with NIH3T3 cells than with a piece of
mesenchyme, perhaps due to lack of interaction of specific
cell adhesion molecules.
Surprisingly, the number of insulin-positive cells in the
epithelium was higher when grown with NIH3T3 cells
than when grown with native mesenchyme. This difference
may also be explained by a relative lack of intermingling
of the NIH3T3 cells compared with mesenchyme, there-
fore permitting more of the pro-endocrine inductive effects
at a distance and less of the contact-induced endocrine
suppression.
Based on these data, we propose that there are at least
two stages to the inductive effect of mesenchyme on
pancreatic epithelium. First, during the early steps of pan-
creatic development (e.g., days 9.5–10.5 in mouse), mes-
enchyme induces the general growth and proliferation of
pancreatic epithelium. We have found previously that early
embryonic pancreatic epithelium in the absence of mesen-
chyme does not grow well (Gittes et al., 1996), and that
early embryonic mesenchyme (day 10) induces growth of
exocrine differentiation less well than older mesenchyme
(days 11–12) (Rose et al., 1999). Later, starting around day
10.5–11 in mice, the mesenchyme begins to dictate exo-
crine instead of endocrine differentiation of the epithelium,
depending on the spatial context of the epithelium and
mesenchyme. Miralles et al. (1999a) showed that FGFs,
present in the mesenchyme, can induce epithelial branching
in vitro. Other candidate factors playing a role in this lineage
selection include members of the TGFh super-family (acti-
vin (Maldonado et al., 2000b; Ritvos et al., 1995; Shiozaki
et al., 1999; Yamaoka et al., 1998), follistatin (Miralles et
al., 1998), and TGFh1 (Crisera et al., 1999; Lee et al., 1995;
Sanvito et al., 1994, 1995)). Apart from growth factors and
morphogens, key mesenchymal transcription factors may
play a role in the mesenchymal control of lineage selection.
Isl-1, a LIM domain transcription factor, present in pancre-
atic mesenchyme, is necessary for the induction of exocrine
differentiation (and also happens to be necessary for cell-
autonomous endocrine differentiation). Exocrine differenti-
ation can be rescued in isl-1 null mutant epithelium if the
epithelium is recombined with wild-type mesenchyme
(Ahlgren et al., 1997). These results suggest that isl-1 is a
necessary transcription factor for the production of pro-
exocrine inductive factors by the mesenchyme. Similarly,
pbx1 is a homeodomain-containing transcription factor that
is present in the mesenchyme but is necessary for endocrine
differentiation (Kim et al., 2002), and thus may activate
genes necessary for the pro-endocrine mesenchymal induc-
tion that occurs at a distance.
The ability of NIH3T3 cells to substitute for mesen-
chyme suggests that the critical factors mediating these
effects are not unique to the developing pancreas and may
be widely expressed. Laminin-1 is produced by pancreatic
mesenchyme and by NIH3T3 cells (Kobayashi et al.,
2002b), and we have shown previously that laminin-1 is
necessary for normal pancreatic exocrine differentiation in
Z. Li et al. / Developmental Biology 269 (2004) 252–263262vitro (Crisera et al., 2000). Here, we showed that inhibition
of laminin-1 expression in our simplified 3T3-epithelium
system effectively blocked amylase-positive exocrine dif-
ferentiation, without affecting endocrine differentiation,
implying that laminin-1 may mediate mesenchymal induc-
tion of normal pancreatic exocrine differentiation, but
regulation of endocrine differentiation may be mediated
through other pathway(s). The observation that epithelium
cultured in the presence of mesenchyme across a filter
failed to induce exocrine expression, but did induce insulin
expression, implies that the effect of mesenchyme on
endocrine differentiation is probably mediated through
soluble factors in a mechanism different from exocrine
induction. This interpretation is consistent with the lam-
inin-1 antisense data, where laminin-1 inhibition disrupted
exocrine expression, but had no discernable effect on
insulin nor glucagon expression.
Overall, the data presented here reflect four critical
components to the mesenchyme/NIH3T3-induced effects
on the developing pancreatic epithelium. (1) Mesenchyme/
NIH3T3 contact or proximity induces amylase-positive and
ductal exocrine differentiation. (2) Mesenchyme/NIH3T3
cells at a distance enhance insulin-positive endocrine dif-
ferentiation. (3) Contact or proximity suppresses insulin-
positive endocrine differentiation. (4) The suppression of
insulin differentiation induced by mesenchymal proximity
overrides the endocrine-enhancing effect that occurs at a
distance.
Finally, the discovery of a substitute for mesenchyme in its
pro-exocrine/anti-endocrine effects, in the form of a com-
mercially available cell line (NIH3T3) may facilitate future
studies of pancreatic mesenchymal–epithelial interactions.Acknowledgments
This work was supported by grants to G.K.G. from the
JDRF (2-1999-636), NIH (5R21DK57224, 1R21DK59544,
1R01DK58400), and Children’s Mercy Hospital, Kansas
City, MO.References
Ahlgren, U., Jonsson, J., Edlund, H., 1996. The morphogenesis of the
pancreatic mesenchyme is uncoupled from that of the pancreatic epi-
thelium in IPF1/PDX1-deficient mice. Development 122, 1409–1416.
Ahlgren, U., Pfaff, S.L., Jessell, T.M., Edlund, T., Edlund, H., 1997. Inde-
pendent requirement for ISL1 in formation of pancreatic mesenchyme
and islet cells. Nature 385, 257–260.
Apelqvist, A., Li, H., Sommer, L., Beatus, P., Anderson, D.J., Honjo, T.,
Hrabe de Angelis, M., Lendahl, U., Edlund, H., 1999. Notch signalling
controls pancreatic cell differentiation. Nature 400, 877–881.
Aufderheide, E., Chiquet-Ehrismann, R., Ekblom, P., 1987. Epithelial –
mesenchymal interactions in the developing kidney lead to expression
of tenascin in the mesenchyme. J. Cell Biol. 105, 599–608.
Bonner-Weir, S., Baxter, L.A., Schuppin, G.T., Smith, F.E., 1993. A
second pathway for regeneration of adult exocrine and endocrine pan-creas. A possible recapitulation of embryonic development. Diabetes
42, 1715–1720.
Crisera, C.A., Rose, M.I., Connelly, P.R., Li, M., Colen, K.L., Longaker,
M.T., Gittes, G.K., 1999. The ontogeny of TGF-beta1, -beta2, -beta3,
and TGF-beta receptor-II expression in the pancreas: implications for
regulation of growth and differentiation. J. Pediatr. Surg. 34, 689–693
(discussion 693–694).
Crisera, C.A., Kadison, A.S., Breslow, G.D., Maldonado, T.S., Longaker,
M.T., Gittes, G.K., 2000. Expression and role of laminin-1 in mouse
pancreatic organogenesis. Diabetes 49, 936–944.
Edlund, H., 1999. Pancreas: how to get there from the gut? Curr. Opin. Cell
Biol. 11, 663–668.
Edlund, H., 2001. Developmental biology of the pancreas. Diabetes 50
(Suppl. 1), S5–S9.
Ferretti, E., Li, S., Wang, J., Post, M., Moore, A., 1996. Mesenchymal
regulation of differentiation of intestinal epithelial cells. J. Pediatr. Gas-
troenterol. Nutr. 23, 65–73.
Gittes, G.K., Galante, P.E., Hanahan, D., Rutter, W.J., Debase, H.T., 1996.
Lineage-specific morphogenesis in the developing pancreas: role of
mesenchymal factors. Development 122, 439–447.
Kim, S.K., Selleri, L., Lee, J.S., Zhang, A.Y., Gu, X., Jacobs, Y.,
Cleary, M.L., 2002. Pbx1 inactivation disrupts pancreas development
and in Ipf1-deficient mice promotes diabetes mellitus. Nat. Genet.
30, 430–435.
Kobayashi, H., Spilde, T.L., Li, Z., Marosky, J.K., Bhatia, A.M., Hembree,
M.J., Prasadan, K., Preuett, B.L., Gittes, G.K., 2002a. Lectin as a mark-
er for staining and purification of embryonic pancreatic epithelium.
Biochem. Biophys. Res. Commun. 293, 691–697.
Kobayashi, H., Spilde, T.L., Bhatia, J.K.A.M., Buckingham, R.B., Hem-
bree, M., Prasadan, K., Preuett, B.L., Imamura, M., Gittes, G.K., 2002b.
Retinoid signaling controls mouse embryonic pancreatic exocrine line-
age selection through epithelial–mesenchymal interactions. Gastroen-
terology 123 (4), 1331–1340.
Kono, N., Terada, T., Nakanuma, Y., 1991. Interactions between epithelial
and mesenchymal cells in intrahepatic peribiliary glands in normal and
hepatolithiatic livers. Gastroenterol. Jpn. 26, 194–200.
Lee, M.S., Gu, D., Feng, L., Curriden, S., Arnush, M., Krahl, T., Guru-
shanthaiah, D., Wilson, C., Loskutoff, D.L., Fox, H., et al., 1995. Ac-
cumulation of extracellular matrix and developmental dysregulation in
the pancreas by transgenic production of transforming growth factor-
beta 1. Am. J. Pathol. 147, 42–52.
Levine, S., Pictet, R., Rutter, W.J., 1973. Control of cell proliferation and
cytodifferentiation by a factor reacting with the cell surface. Nat. New
Biol. 246, 49–52.
Maldonado, T.S., Crisera, C.A., Kadison, A.S., Alkasab, S.L., Longaker,
M.T., Gittes, G.K., 2000a. Basement membrane exposure defines a
critical window of competence for pancreatic duct differentiation from
undifferentiated pancreatic precursor cells. Pancreas 21, 93–96.
Maldonado, T.S., Kadison, A.S., Crisera, C.A., Grau, J.B., Alkasab, S.L.,
Longaker, M.T., Gittes, G.K., 2000b. Ontogeny of activin B and folli-
statin in developing embryonic mouse pancreas: implications for line-
age selection. J. Gastrointest. Surg. 4, 269–275.
Miralles, F., Czernichow, P., Scharfmann, R., 1998. Follistatin regulates the
relative proportions of endocrine versus exocrine tissue during pancre-
atic development. Development 125, 1017–1024.
Miralles, F., Czernichow, P., Ozaki, K., Itoh, N., Scharfmann, R., 1999a.
Signaling through fibroblast growth factor receptor 2b plays a key
role in the development of the exocrine pancreas. Proc. Natl. Acad.
Sci. U. S. A. 96, 6267–6272.
Miralles, F., Serup, P., Cluzeaud, F., Vandewalle, A., Czernichow, P.,
Scharfmann, R., 1999b. Characterization of beta cells developed in vitro
from rat embryonic pancreatic epithelium. Dev. Dyn. 214, 116–126.
Pictet, R., Rutter, W., 1972. Development of the Embryonic Endocrine
Pancreas. Williams and Wilkins, Washington, DC. 25–66 pp.
Qiao, J., Sakurai, H., Nigam, S.K., 1999. Branching morphogenesis inde-
pendent of mesenchymal–epithelial contact in the developing kidney.
Proc. Natl. Acad. Sci. U. S. A. 96, 7330–7335.
Z. Li et al. / Developmental Biology 269 (2004) 252–263 263Riso, J., 1983. Morphology of epithelio-mesenchymal interaction during
lung development of the mouse. Cell Differ. 13, 309–318.
Ritvos, O., Tuuri, T., Eramaa, M., Sainio, K., Hilden, K., Saxen, L.,
Gilbert, S.F., 1995. Activin disrupts epithelial branching morphogen-
esis in developing glandular organs of the mouse. Mech. Dev. 50,
229–245.
Ronzio, R.A., Rutter, W.J., 1973. Effects of a partially purified factor from
chick embryos on macromolecular synthesis of embryonic pancreatic
epithelia. Dev. Biol. 30, 307–320.
Rose, M.I., Crisera, C.A., Colen, K.L., Connelly, P.R., Longaker, M.T.,
Gittes, G.K., 1999. Epithelio-mesenchymal interactions in the develop-
ing mouse pancreas: morphogenesis of the adult architecture. J. Pediatr.
Surg. 34, 774–779 (discussion 780).
Rutter, W.J., 1980. The development of the endocrine and exocrine pan-
creas. Monogr. Pathol. 21, 30–38.
Rutter, W.J., Pictet, R.L., Harding, J.D., Chirgwin, J.M., MacDonald, R.J.,
Przybyla, A.E., 1978. An analysis of pancreatic development: role of
mesenchymal factor and other extracellular factors. Symp. Soc. Dev.
Biol. 35, 205–227.
Sakurai, H., Barros, E.J., Tsukamoto, T., Barasch, J., Nigam, S.K., 1997.
An in vitro tubulogenesis system using cell lines derived from theembryonic kidney shows dependence on multiple soluble growth fac-
tors. Proc. Natl. Acad. Sci. U. S. A. 94, 6279–6284.
Sanvito, F., Herrera, P.L., Huarte, J., Nichols, A., Montesano, R., Orci, L.,
Vassalli, J.D., 1994. TGF-beta 1 influences the relative development
of the exocrine and endocrine pancreas in vitro. Development 120,
3451–3462.
Sanvito, F., Nichols, A., Herrera, P.L., Huarte, J., Wohlwend, A., Vassalli,
J.D., Orci, L., 1995. TGF-beta 1 overexpression in murine pancreas
induces chronic pancreatitis and, together with TNF-alpha, triggers
insulin-dependent diabetes. Biochem. Biophys. Res. Commun. 217,
1279–1286.
Shiozaki, S., Tajima, T., Zhang, Y.Q., Furukawa, M., Nakazato, Y., Kojima,
I., 1999. Impaired differentiation of endocrine and exocrine cells of the
pancreas in transgenic mouse expressing the truncated type II activin
receptor. Biochim. Biophys. Acta 1450, 1–11.
Slack, J.M., 1995. Developmental biology of the pancreas. Development
121, 1569–1580.
Yamaoka, T., Idehara, C., Yano, M., Matsushita, T., Yamada, T., Ii, S.,
Moritani, M., Hata, J., Sugino, H., Noji, S., Itakura, M., 1998. Hypo-
plasia of pancreatic islets in transgenic mice expressing activin receptor
mutants. J. Clin. Invest. 102, 294–301.
